We report on a novel technique for the evaluation of transient phase in double-pulsed electronic speckle-shearing pattern interferometry. Our technique requires the acquisition of just two speckle-shear interferograms (one before and one after object's deformation) which are correlated by subtraction to obtain a fringe pattern. A spatial carrier is generated by means of an original optical setup based on the separation and later recombination of the two beams produced by a Nd:YAG twin pulsed laser. One introduces an optical path difference in the curvature radii of the illumination beams by mismatching the distances from two diverging lenses to a beam combiner. This procedure gives rise to a linear phase term in the second speckle-shear interferogram that plays the role of a spatial carrier and allows the use of spatial phase measurement methods to analyze the fringe pattern. We present the theoretical aspects of the technique as well as its experimental implementation.
INTRODUCTION
Electronic speckle-shearing pattern interferometry (ESSPI) is a nondestructive, whole-field technique that allows the measurement of displacement gradients. Early work on shearing techniques used moire fringes resulting of the superposition of two fringe patterns obtained by holographic interferometry.' Later, photographic film has been replaced by electronic devices, avoiding the somewhat expensive and time-consuming development process.2 Displacement gradients can also be obtained by the closely related electronic speckle pattern interferometry (ESPI) through image processing.3 However, in applications that involve the measurement of displacement gradients, such as strain analysis or detection of local defects in various materials, ESSPI outstrips ESPI in several aspects. First, the calculation of spatial derivatives is a time-consuming operation, while ESSPI yields the displacement differences directly. Second, due to its quasi-common path design, ESSPI is less sensitive than ESPI to the influence of environmental disturbances, e.g., air turbulence, external vibration, rigid body motion, etc. Moreover, the requirement of a light source with large coherence length may be relaxed. And third, the possibility to change the sensitivity of the interferometer by adjusting the amount of shear broadens the measurement range of ESSPI.
The use of pulsed lasers in ESSPI relaxes even more the stability requirements for the experimental setup and makes possible the analysis of high-speed transient events. approach. Spatial carrier is introduced in the correlation fringe patterns rather than in the speckle-shear interferograms by translating manually the diverging lens that expands the illumination beam along its optical axis between two laser pulses, and phase is evaluated by the spatial synchronous detection ) 1 The technique has been experimentally demonstrated in laboratory conditions. Unfortunately, the long time required for the lens translation (several seconds) negates the advantages of pulsed ESSPI and prevents its application in industrial environments. Bonding the diverging lens to a piezoelectnc translator significantly improves the immunity of the system to environmental disturbances. This solution has been adopted in a double-pulsed-addition ESPI system for harmonic vibration measurement.12 However, it has been found that the use of a piezo-mounted lens to generate carrier fringes still imposes a lower limit to the minimum separation between laser pulses because of the response time of the piezoelectric element.
In this paper, we present a novel technique for quantitative measurement of the derivatives of displacement with double-pulsed ESSPI. We use a Michelson type of shear interferometer sensitive to displacements of the object normal to its surface (out of plane). Two speckle-shear interferograms are recorded with a CCD; the first one with the object at rest, and the second one after the object is stressed. Correlation fringes are formed by double-pulse subtraction.6 Spatial carrier is introduced in the secondary correlation fringe patterns by changing the curvature radius of the illumination wavefront between laser pulses. The proposed technique is somewhat similar to the one described in ref. 10 , but we present a new optical setup without moving devices and, therefore, the only lower limit to the minimum separation between laser pulses is imposed by the charge transfer period of the CCD (about 1 j.ts in an interline transfer CCD'3).
PRINCIPLE OF DOUBLE-PULSED SUBTRACTION ESSPI WITH SPATIAL CARRIER

Fringe formation
A speckle-shear interferogram produced by a single laser pulse is formed by coherent superposition of two sheared speckle patterns. In double-pulsed subtraction ESSPI,4 the CCD camera records two speckle-shear interferograms in separated video fields. The first laser pulse is fired with the object at rest, and the corresponding intensity distribution J(x) on the image plane may be expressed as
where 1m(X) and V(x) are the mean intensity and the visibility of the speckle-shear interferogram at a point x (x,y) of the image plane, respectively, and i(x) is the difference between the random phases of the interfering speckle patterns. Some time later (typically tens of microseconds) the object is stressed and the laser emits a second pulse properly timed with respect to the mechanical excitation. We denote the resulting speckle-shear interferogram by
where q$(xy) represents the deterministic optical phase increment due to the deformation of the object. Time dependence has been omlued in Eqs.
(1) and (2) because of the extremely short pulse duration, that effectively freezes movement in each CCD exposure.
Subtraction of primary speckle-shear interferograms (1) and (2) and subsequent full wave rectification yields a speckled, high visibility, correlation fringe pattern expressed by
In a shear interferometer, contributions from two object points separated by a distance & are received in the same image point x. Provided that the angle between the directions of illumination and observation is small, phase increment q$(x) in Eqs. (2) and (3) is given by14 & ? (4) where ? is the wavelength of the laser light, and p(x) is the variation of the optical path between laser pulses. The term iS.x0 is called the object plane shear, and is related to the image plane shear & through the magnification of the imaging system M.
Spatial carrier generation
Our experimental setup for spatial carrier generation in double-pulsed ESSPI is shown in Fig. 1 . The light source consists of two separate Q-switched Nd:YAG oscillators, commonly seeded by a diode-pumped Nd:YAG CW laser to obtain mutual coherence between their beams. The infrared outputs are combined at BC1 before passing through a frequency-doubling crystal that makes alignment and signal detection safer and easier. Moreover, the sensitivity ofthe interferometer is multiplied by a factor of two. Each cavity produces 12 nil in 20-ns pulses at 532 urn at a rate of 25 Hz. Giving a small tilt to mirror M4, the green radiation produced by cavity 1 goes through a different path than light produced by cavity 2. Both beams are expanded through diverging lenses and then are made collinear ccDL: at BC2. The lens NL2 is placed a distance d (exaggerated in the diagram for clarity) nearer to BC2 than NL1, and therefore the curvature radius of the illumination beam is greater for the first laser pulse than for the second. Thus the term p(x) in Eq. (4) is due not only to out of plane displacement of the object's surface between pulses w(x), but also to local variation ofthe optical path of the illumination wavefront 1(x) (see Fig. 2 ), p(x)=2 w(x)+l(x) (5) When the distance from the diverging lenses to the object is large enough, only paraxial rays are relevant, and the last term in Eq. (5) becomes15 1(x)
where the relationship x Mi0 between image plane coordinates and object plane coordinates has been used again.
Substitution of Eqs. (5) and (6) in Eq. (4) makes apparent that the phase difference 0(x) is composed of two different contributions
The first term in Eq. (7) 
EXPERIMENTAL RESULTS
We have demonstrated the optical arrangement schematically represented in Fig. 1 for the measurement of spatial derivatives of the out of plane component of transient bending waves, impact induced by applying a voltage pulse to a piezoelectric translator. Timing between piezo translator driving pulse and firing of the second laser pulse is adjusted by a programmable delay generator. The operation of our double-pulsed ESSPI system is as follows. The laser continuously emits twin-pulses at a rate of 25 Hz. properly timed with respect to the video signal. When the operator gives the order to start, the test object is impacted by the piezo translator and a video frame is digitized and stored as 512x515x8 bits in a frame grabber. The irradiance values recorded by the CCD during both first and second first laser pulses. Eqs. (1) and (2) . are contained in the even lines and the odd lines of this image, respectively. Intensity fluctuations between first and second laser pulses are digitally compensated. Next, a frame processor subtracts even lines from the adjacent odd ones and rectifies the result, Eq. (3), yielding a set of equispaced vertical carrier fringes modulated by the displacement derivative. The interested reader is addressed to references 16 and 17 for further details on the synchronism. . 10(1 -0.-50-
•. E 0.
) 0.
•--50- A detailed description of the analysis of ESSPI carrier fringes using the spatial synchronous detection (SSD) can be found elsewhere.'° Therefore, only a brief account is given here. The ESSPI carrier fringes are previously filtered by a thresholded (power selective) Fourier filter, followed by low-pass (frequency selective) filter. As vertical carrier fringes have been used, the analysis proceeds by treating each of the 512 horizontal lines in isolation. The products of each filtered horizontal line J'(x) of the ESSPI pattern with sin(2irfx) and cos(2itJx) are evaluated, the number of the horizontal line denoted by the subscript n. A low-pass filter is applied to isolate the phase term of the horizontal lines and the resulting filtered image lines G,(x) and G(x) may then be processed to extract the wrapped phase Ø(x) using the relation (G(x) i Ø(x)=tan1J i \ (9) The last step in the phase evaluation procedure is carried out by applying an iterative cosine transform unwrapping algorithm'8 to the wrapped phase map represented by mx).
An application example is shown in Fig. 3 . The specimen is an aluminum alloy plate of dimensions 300 mm x 120 mm X 35 mm (an area of approximately 70 mm x 52 mm was measured), clamped along the left and the right edges. Object plane shear was set to ix 22 mm. Fig. 3(a) is a fringe pauern, modulation plus carrier, obtained with a delay of 30 .ts between object excitation and second laser pulse. For comparison purposes Fig. 3(b) shows a fringe pattern containing the same modulation than Fig. 3(a) , but without spatial carrier. Finally, Fig. 3(c) shows a pseudo 3-D plot of the measured spatial derivative along the X direction of the out of plane transient displacement of the object's surface.
CONCLUSIONS
We have developed a double-pulsed ESSPI system for the measurement of spatial derivatives of out of plane displacements. The introduction of carrier fringes by mismatching the distances from the diverging lenses to the beam combiner allows quantitative analysis from a single fringe pattern. This makes our system particularly well suited for the analysis of transient events, e.g. bending waves induced by impact. By repeating the experiment with a varying time delay from the start of the transient event to the second laser pulse, it is possible to obtain a sequence of quantitative measurements which shows the temporal evolution of the measured magnitude. The SSD allows straightforward unambiguous evaluation of phase when a single fringe pauern is available. However, a knowlegde of the exact carrier frequency is required to avoid phase evaluation errors and the low-pass filters should be carefully adjusted to keep the phase measurement error small. Finally, our system is highly immune to external disturbances because of the short time separation between laser pulses (typically tens of microseconds). This is a valuable feature for the operation in industrial environments. 
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